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Interstellar H Adsorption and H2 Formation on the Crystalline (010)
Forsterite
Abstract
The physisorption/chemisorption of atomic hydrogen on a slab model of the Mg2SiO4 forsterite (010) surface mimicking the interstellar dust particle surface has been modeled using a quantum mechanical approach based on periodic B3LYP-D2* density functional calculations (DFT) combined with flexible polarized Gaussian type basis sets, which allows a balanced description of the hydrogen/surface interactions for both minima and activated complexes. Physisorption of hydrogen is barrierless, very weak and occurs either close to surface oxygen atoms or on Mg surface ions. The contribution of dispersion interactions accounts for almost half of the adsorption energy. Both the hydrogen adsorption energy and barrier to hydrogen jump between equivalent surface sites are overestimated compared to experimental results meant to simulate the interstellar conditions in the laboratory. Hydrogen atom exclusively chemisorbs at the oxygen site of the forsterite (010) surface, forming a SiOH surface group and its spin density being entirely transferred to the neighboring Mg ion. Barrier for chemisorption allows a rapid
Introduction
H2 is one of the most relevant molecules in the Universe. It is the most abundant molecule in the interstellar medium (ISM), an effective coolant for gases and of clouds during gravitational collapse and plays a crucial role in the formation of other interstellar molecular species. 1, 2 Because of that, formation of H2 in the ISM is a process of fundamental importance in astrophysics.
Gas-phase H2 formation cannot justify the observed H2 large abundances.
Radiative association of two H atoms is a very low efficient process. Indeed, association through the first electronic excited state cannot radiate through the ground electronic state due to spin forbidden selection rule, while the transitions from excited to ground-state H2
ro-vibrational states are only possible through a very inefficient electric quadrupole coupling due to the H2 symmetry. Non-radiative association is also highly inefficient, as the formed H2 cannot transfer the chemical bond energy (about 104 kcal mol -1 ) in absence of a third body with consequent immediate re-dissociation. Three-body reactions are indeed extremely rare, due to the very low densities of the ISM (about 100 H atoms cm -3 ). Thus, it has been long recognized 3 that one of the most effective H2 formation channel involves dust grains, which play the role of a large third body dispersing a fraction of the H2 formation energy through the phonon grain manifold. The assessment of this hypothesis has been checked by a wealth of experimental studies carried out in Earth laboratories on the formation of H2 at surfaces of model dust analogs.
1, 2
In the ISM, dust grains are formed in the extended atmosphere of relatively cold stars or in the expelled shells after Supernovae explosions. In diffuse clouds, where typical gas densities are about 10 2 cm -3 and gas temperatures about 80-100 K, UV photons are able to penetrate the cloud and, accordingly, dust grains are in a bare state, most of the gas being either in an atomic form or as simple diatomic species, with a great preponderance of H2. More complex molecules, if formed, are easily photo-destroyed.
Dust consists of Mg/Fe-silicates and carbonaceous materials, with the former belonging to olivines and pyroxenes families, with general formula Mg2xFe(2x-2)SiO4 and MgxFe(x-1)SiO3 (x=0-1), respectively. Cosmic silicates are mainly present as amorphous materials, but crystalline silicates have also been detected in several circumstellar environments. [4] [5] [6] H2 formation on dust grains can take place via three possible mechanisms: i)
Langmuir-Hinshelwood, 7, 8 which involves accommodation, diffusion and reaction of H atoms on the surface; ii) Eley-Rideal "prompt atom", 9, 10 in which an incoming gas-phase H atom directly reacts with a pre-adsorbed surface H atom; and iii) Harris-Kasemo "hotatom", 11 in which an H atom with high translation energy reaches the surface, diffuses loosing part of its translational energy and reacts with a pre-adsorbed H atom. Irrespective on the mechanism, understanding the H adsorption, which involves different physical/chemical interactions (i.e. physisorption/chemisorption), is a key prerequisite to understand the subsequent recombination.
Several theoretical works focusing on the H2 formation on carbonaceous surface models (i.e. coronene clusters and C(0001) surfaces) have been published, [12] [13] [14] [15] generally predicting a high reaction probability and significant ro-vibration populations in nascent molecules, in agreement with the experimental findings. 16 Usually, effects due to the presence of porous and point defects were not accounted for.
Few theoretically studies dealt with the H adsorption and the H2 formation on silicate surfaces, in which the latter is simulated either by nano-clusters or by periodic approaches using crystalline surfaces. The works by Bromley and coworkers 17, 18 belong to the first category, in which (MgO)6((SiO)2)3 and Mg4Si4O12 silicate nano-clusters were adopted as dust models and both H adsorption and recombination were studied with DFT methods and Gaussian type basis sets. Garcia-Gil et al. 19 ) and a proton (H  + ) , respectively, the recombination of which was found to be energetically very favorable.
This point was essential to establish a route to the formation of molecular H2 through chemisorbed H atoms, which is operative at relatively high temperature (diffuse clouds, T=100 K) in which the H physisorbed state would be unstable.
The available theoretical works only addressed the reactants paths starting from the H atoms accommodated on the most stable sites, while the reaction channels that connect one adsorption state into another one have not been fully characterized. This is an important issue because at the very low temperatures at which these processes occur the inter-conversion between two adsorption sites could be kinetically hampered. The available results dealing with the H2 formation on silicate grains missed in general the role of dispersion interactions, with the exceptions of Ref. 17, 21 , as they are based on the meta-GGA MPWB1K functional, which was showed to be the best among various functionals to take weak interactions into account. 22 The role of dispersive forces cannot be ignored as, for instance, it has been recently shown that they are essential to accurately model the CO adsorption on the crystalline (001) face of MgO resulting in an interaction energy value of only 4.5 kcal mol -1 . [23] [24] [25] It is then expected that dispersion may play a similar role in describing the H and H2 physisorption on the forsterite (010) surface which has electric property comparable to that of MgO. Following the good results found in the above papers, we present here a coherent approach based on the adoption of a posteriori Grimme's-based dispersion corrected B3LYP-D2* Hamiltonian 26, 27 in a flexible
Gaussian basis set to characterize the H adsorption and H2 formation on the (010) crystalline face of forsterite (Mg2SiO4) represented by a slab model of finite thickness.
Different adsorption sites as well as the corresponding inter-conversion activated complexes and the corresponding energy paths have been characterized. The sensitivity of the adsorption energies on the quality of basis set and of the adopted Hamiltonian has been carefully checked. For all the possible singly H-adsorbed complexes, the adsorption of a second H atom has been considered and from these doubly-adsorbed complexes, H2
formation has been simulated adopting a Langmuir-Hinshelwood mechanism. This work is the first of a series in which the Hamiltonian, the surface structural model and the computer program (CRYSTAL09) are used to coherently characterize the bare forsterite surfaces 28 and their interaction with molecules of interstellar interest.
Methods
Surface Model. In this work a periodic surface model of the non-polar (010) forsterite surface has been adopted. This surface was derived from cutting out the forsterite crystal bulk structure (Pbnm space symmetry) perpendicular to the [010] direction, resulting with the slab model shown in Figure 1 . A larger unit cell compared to the primitive cell derived from the direct cut of the bulk system has been adopted (i.e. the bulk c lattice parameter is doubled in the slab functional methods at the B3LYP-D2* optimized geometries have also been performed in order to check the influence of the method on the computed adsorption energies.
Transition state (TS) search has been performed using the distinguished reaction coordinate (DRC) technique as implemented in CRYSTAL09, which has been proven to be robust and efficient enough for the proton jump of nonhydrated and hydrated acidic zeolites. 36 The activated complex structures corresponding to the TS have been checked The adsorption energies (E) per mole of a H atom and per unit cell were computed as:
where E(SH//SH) is the energy of the relaxed unitary cell containing the forsterite surface S in interaction with the H atom, E(S//S) is the energy of the relaxed unitary cell of the free forsterite surface, and Em(H) is the energy of the free H atom (the symbol following the double slash identifies the geometry at which the energy was computed). Because
Gaussian basis functions were used, the above E definition suffers from the basis set superposition error (BSSE). The above equation can be easily recast to include the BSSE correction, using the same counterpoise method adopted for intermolecular complexes. 40 The definition of the BSSE-corrected adsorption energy E C is:
(SH//SH) -E(S[H]//SH) -E([S]H//SH)
in which ES is the deformation energy of the forsterite surface due to the adsorption of
the H atom (note that EH is null), E(S[H]//SH) is the energy of the forsterite surface plus the ghost functions of H, and E([S]H//SH) is the energy of the infinite replica of H with
the ghost functions of the forsterite surface. For the sake of brevity, we refer to previous works for a complete discussion concerning the calculation of the E C and the associated BSSE values. 40 Kinetic constants k TST have been computed by standard transition state theory using partition functions and the activation free energy. H tunneling has also been considered in a rather crude way by means of the Wigner correction
in which   is the imaginary frequency associated to the activated complex. 
Results and Discussion
This section is organized as follows. First, results devoted to the H adsorption on the (010) forsterite (hereafter referred as Fo) surface will be presented. In this part, the influence of both the DFT methods and the basis sets on the calculated adsorption energies is discussed. Then, the energy profiles connecting the different adsorption sites will also be discussed. Results focused on the adsorption of a second H atom will be shown and finally, the energy profiles for the H2 formation from the doubly adsorbed prereactant states adopting a Langmuir-Hinshelwood mechanism will be presented. This mechanism is alternative to the Eley-Rideal 9,10 one in which the outer H atom hits the preadsorbed H atom at the grain surface which has been studied in details for the H2 formation on graphite like grains. 12, 13, 16 In a very low H flux regime as in diffuse clouds it seems reasonable to assume the Langmuir-Hinshelwood as the dominant process, particularly when one of the adsorbed H is long lived due to the formation of a chemical bond with the surface.
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Adsorption of one H atom. Figure 2 shows the B3LYP-D2* optimized complexes for the adsorption of one H atom on the Fo surface. Table 1 and Table 2 report the adsorption energies calculated at the different B1 and B2 basis set and the different DFT methods, respectively.
Three different H/Fo complexes have been found, which, according to the calculated adsorption energies, can be categorized as physisorption (P1 and P2) and chemisorption (C1), respectively. In P1, the H atom is nearly on the center of a triangle defined by three oxygen surface atoms; in P2, the H atom is interacting with one coordinatively unsaturated Mg atom and in C1, the H atom is chemically bonded with an O atom, hence forming a surface silanol (SiOH) group. For P1 and P2, the Mulliken spin density is almost entirely localized on the H atom, whereas for C1 is on the unsaturated neighbor Mg atom, the H atom having a character of H + (see Table 2 for details). The trend of the calculated B3LYP-D2* adsorption energies is, from more to less favorable:
C1 > P2 > P1 (see Table 1 ). The contribution of the dispersive forces (term ED2* of Table   1 ) is larger in P1 (by about the 55% of the total adsorption energy) than in P2 and C1
(13% and 2%, respectively). The higher dispersion contribution in P1 compared to P2 is basically due to a higher number of intermolecular contacts between the adsorbed H and the forsterite surface atoms. The inclusion of the zero-point energy (ZPE) corrections is mandatory as it causes a lowering of the adsorption energies by about 30% -50%.
From a methodological point of view it is worth highlighting that, for a given adsorption state, the calculated adsorption energies at B2 and B2//B1 are very similar (difference of 0.3 kcal mol -1 , at the most) and have similar BSSE values, whereas at B1
the BSSE is about twice as large of that at B2. This indicates that calculations at B2//B1
provide accurate results at a reasonable computational cost. Adsorption energies calculated with different DFT methods on the optimized B3LYP-D2* structures (see Table 2 ) vary compared to those obtained with the default B3LYP-D2* method. It results that for the B-LYP family the larger stability of P2 with respect to P1 decreases with the amount of exact exchange to the point that at BHLYP-D2* P2 is less stable than P1, i.e., the DRC calculations show a continuous increase of energy up to a plateau with the increased Fo-H distance. In contrast, a transition structure for C1 has indeed been found with an energy barrier of 6.0 kcal mol -1 at the B2//B1 basis set (see Figure 3b ) very close to the value obtained for passing from P2 to C1 (see Figure 3a) . The barrier computed for passing from the physisorption P2 structure to the chemisorbed state C1 is 6.4 kcal mol -1 (see Table 3 ), much higher than the value of 1.7 kcal mol -1 computed by Kerkeni and
Bromley on the forsterite nanoclusters 17 and of that of 2.4 kcal mol -1 reported by Goumans et al. 21 for the embedded cluster method. While these differences may well be due to the different computational approaches, we admit that other paths for passing from P2 to C1
have not been searched due to difficulties in locating the transition structure with the implemented algorithm. For instance, the path through surface oxygen ions rather than the Mg ion (see TSP1-P2 of Figure 3a ) may provide a smaller barrier.
Any attempt to locate other adsorption sites by starting the optimization process with the H atom closer to a different oxygen atom or on top of Mg ions simply gave P1, P2 or C1 as final products. This is somehow at variance with the work by Sidis et al. 19 in which H was predicted to remain attached to a second less exposed oxygen atom as well as with the results by Downing et al., 20 in which H was predicted to chemisorb also at the surface Mg ion. Nevertheless, for both cases the adsorption was much less favorable than for the cases also (and only) found in the present work.
Present results can be compared with the experimental measurements reported in the classical work by Vidali and Pirronello. 43 They extracted energy values from thermal desorption experiments (TPD) giving both the physisorbed H desorption energy and the barrier height for H jumping from one site to the next neighbor. As the formal treatment of TPD data corresponds to an Arrhenius equation their desorption energy data Ea should be transformed in enthalpy values before being compared with the computed ones. 23 The experimental and computed enthalpy of desorption Hd are:
in which Ea is the experimental desorption energy resulting from the Arrhenius equation, E C is the purely BSSE corrected electronic desorption energy, U C is the desorption energy inclusive of zero point energy correction and E(T) is the thermal correction to bring U C to the actual T (from 10 to 100 K). It can be shown that the E(T) is less than 0.05 kcal mol -1 (2 meV, 20 K) while RT is 0.02 kcal mol -1 (1 meV, 10 K) at 10 K and ten times higher at T = 100 K. Using data from Table 1 we arrive at our best estimate of Hd = 1.8 kcal mol -1 (900 K) at the experimental temperature of 10 K. The datum obtained from the experimental TPD measurements 43 is 318 K, three times smaller than our best estimate. Modeling studies described in the introduction section report data which are also higher than the experimental datum. As none of these data have been corrected for zero point energy and thermal effects we use our electronic E C = 2.7 kcal mol -1 value for comparison, which corresponds to the value of Hd = 1.8 kcal mol -1 discussed above.
Goumans et al. 21 that dispersion contribution is in the 0.5 -1.6 kcal mol -1 range and cannot be ignored.
The sensitivity of the physisorption on the adopted functional is addressed in 
Adsorption of a second H atom.
To simulate the formation of the H2 molecule on the forsterite surface through a Langmuir-Hinshelwood mechanism, the adsorption of a second H atom onto the P1, P2 and C1 adducts has firstly been studied. Figure 4 shows the B3LYP-D2* optimized adducts and Table 4 the calculated adsorption energies for the second H atom.
Since the adopted unit cell includes two equivalent but symmetry independent "Mg-O3" moieties, a total of 9 initial guess adducts were possible: i) three with the H atoms adopting the same adsorption state at the different "Mg-O3" moieties (i.e., P1-P1, P2-P2 and C1-C1); ii) three derived from the combination of the P1, P2 and C1 adsorption states at the different "Mg-O3" moieties (i.e., C1-P1a, C1-P2a and P2-P1a); and iii) three more derived from the combination of P1, P2 and C1 at the same "Mg-O3" moiety (i.e., C1-P1b, C1-P2b and P2-P1b). All these initial guess structures have been calculated as closed-shell (singlet electronic state) systems. Geometry optimization of all these starting structures collapsed into 6 different complexes, which are shown in Figure 4 . The initial P2-P1a and P2-P1b structures converged into the same adduct (structure P2-P1 of Figure 4 ) and the C1-P1a and C1-P1b complexes evolve toward the spontaneous formation of H2 (the Fo-H2 adduct, shown at the bottom of Figure 4 ).
The adsorption energy for this second H atom has been calculated considering the H addition reactions reported in Table 4 . As one can see, the C1-P2a and C1-P2b complexes are the most stable ones (BSSE-corrected adsorption energies including ZPEcorrections, U0 C , being -61.8 and -78.7 kcal mol -1 , respectively). This is because these adducts contain both an hydride and a proton, which arise from the Mg-H and the Si-OH groups, respectively as first pointed out by Goumans et al. 21 These complexes are formed because in C1 the unpaired electron is almost entirely localized on the bare Mg atom (see Table 2 ), thereby having a large propensity to receive the second H atom to form a Mg + - 
H2 formation.
From the doubly H-adsorbed adducts, the recombination of the H ad-atoms to form a H2 molecule has been studied. The B3LYP-D2* energy profiles including ZPE-corrections with respect to the 2H + Fo asymptote are shown in Figure 5 and Figure 6 and the calculated energy barriers and kinetic constants in Table 3 . The reaction energy for the H2 formation is very large and negative (about -107 kcal mol -1 ), in agreement to the large nascent energy associated with the H2 molecule formation. Not surprisingly, the H2 formation when the two H atoms are physisorbed on the Fo surface (i.e., P2-P1 and P2-P2) exhibit very low energy barriers (less than 1 kcal mol -1 , see Figure   5 and Table 3 ) as this process envisages a radical-radical reaction. Kinetic data of Table   3 show that association to H2 is feasible at 10 K at higher rate for P2-P2 than for P2-P1 even without considering tunneling effects, thus suggesting that the LangmuirHinshelwood mechanism is feasible. It is worth mentioning that any attempt to find a reaction from the P1-P1 complex failed, since the located transition structures collapsed on the TSP2-P1 structure (the same for the P2-P1 complex) meaning that, previous to the H2 formation, a conversion of the P1-P1 complex into P2-P1 should take place.
The H2 formation channels when at least one of the H atoms is chemisorbed were found to have higher energy barriers (see Figure 6 and Table 3 ) compared to those for the physisorbed states. However, from the C1-P2b adduct, the calculated energy barrier is 1.7
kcal mol -1 (see Figure 6b and Table 3 ). This is because the H recombination is between the neighboring H -and H + atoms belonging to the surface Mg-H and SiOH groups, respectively (vide supra). Despite the fact that the very same H -···H + coupling might occur for the C1-P2a, the reaction presents an energy barrier of 23 kcal mol -1 (see Figure   6a and Table 3 ). This increment is caused by the need of breaking the Mg-H bond in order to bring the two H atoms in close proximity. We have also checked whether the H of C1-P2a can first evolve towards C1-P2b (see TSC1-P2ab of Figure 4 ) but data in Table 3 show that a barrier as high as 18.3 kcal mol -1 is needed for this reaction, preventing any sensible occurrence of this process. Finally, the H2 formation from the C1-C1 complex exhibits the highest energy barrier (about 35 kcal mol -1 , see Figure 6c and Table 3 ) since this recombination involves the coupling of two H + atoms that belong to the surface geminal Si(OH)2 group.
The present results are at variance from the data computed by Goumans et al. 21 with the embedded cluster approach, as they computed a much higher barrier of 11.1 kcal mol -1 for the recombination of the two chemisorbed H atoms, compared to our value of interval as a function of the hydrogen attachment sites. Nevertheless, our barrier is compatible with their smallest barrier value of 1.4 kcal mol -1 resulting from the formation of H2 starting from structure 4a of Ref.
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The H2 molecule is very weakly bound to the reconstructed forsterite surface resulting in an adsorption energy value corrected for the zero point energy of -2.1 kcal mol -1 , as shown in the last row of Table 4 . Similarly to the adsorption of atomic hydrogen, dispersion contributes up to 50% to the adsorption energy. One point of interest is to establish how the energy due to the H2 formation (about 107 kcal mol -1 , see Figure 5 ) can be released to the internal modes of the dust particle. For H2 to be formed, it is enough that a fraction of that energy is transferred to the dust grain while the remaining will be removed through translational, vibrational and rotational degrees of freedom of the nascent H2. In the simplifying hypothesis that half of the formation energy is released to the dust particle, about E  50.2 kcal mol -1 are then absorbed by the particle with an efficiency proportional to the particle heat capacity. We compute the molar heat capacity per unit cell of the free forsterite (010) slab using the harmonic frequencies for the whole bare slab model resulting in CV  0.11 kcal mol -1 K -1 . To represent a finite nanosized dust particle cut out from our slab model we consider a 3x3x1 unit cell size model (9 unit cells as a whole). Considering that a single unit cell parameters are a  4.8 Å, b  12 Å and c  10.3 Å (see Figure 1) , the resulting volume V and external surface A of the model particle are V = 5.410 3 Å 3 and A = 210 3 Å 2 , respectively. If we assume that a single H2 molecule is formed at the surface of this grain with the same E value computed for the periodic slab, the increment in absolute temperature of a dust particle is T = E/(CV·9)  53 K. Considering that the initial temperature of the particle is around 10 K it heats up to 63 K. Assuming the particle to behave like a perfect black body its emissive power j is given by the Stefan-Boltzman law, j = •T 4 , in which  is the Stefan constant
The power (J s -1 ) radiated by the particle is then P = A•j in which A is the surface of the particle (vide supra). From that, the time needed to radiates half of the H2 formation energy (E  50.2 kcal mol -1 ) adsorbed by the particle is then  = E/P = 0.02 s.
Conclusions and Astrochemical Implications
In this work the (010) surface of Mg2SiO4 forsterite has been used as a model for the core of the interstellar dust particle using a quantum mechanical approach based on periodic density functional calculations. The adsorption of atomic hydrogen and the formation of molecular hydrogen has been studied in detail using the B3LYP-D2* method K; vii) it is estimated that the released energy by the H2 formation can be dispersed through the dust particle internal phonon modes (assuming a nanosized cuboid particle of 153610 Å) and that the temperature increase 53 K due to the internal conversion of half the H2 formation energy, which could be radiated into the space in about 0.02 s.
The present study shows that much work is still needed to fully characterize the formation of H2 by models of forsterite dust particles. For instance, it is still unclear the reason of the large overestimation of both interaction energy and energy barrier for adsorption and diffusion for H physisorption on forsterite when compared to experiment.
It may be due to the dominance of a different crystalline surface with respect to (010) one here considered or, even, as it has been suggested 21 by the healing of the most energetic sites by water contamination in the experimental chamber. On a methodological side, more rigorous approaches are needed to study this point, for instance, in the same line adopted by Martinazzo et al. 16 to study the H2 formation on graphitic dust particle. The Table 4 . B3LYP-D2* reaction energies calculated at B1 and B2//B1 levels for the adsorption of a second H atom on Fo-H models to form the P1-P1, P2-P1, P2-P2, C1-P2a, C1-P2b and C1-C1 complexes. Uncorrected (∆E), BSSE corrected (∆E C ) and zero-point energy corrected (∆U0 C ) adsorption energies. Bare values in kcal mol -1 , in parenthesis in meV, in brackets in K. 
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